Abstract. Collisional rate coefficients for rotational transitions in C 3 H 2 and SiC 2 due to collisions with H 2 molecules are calculated. The C 3 H 2 has two distinct species, ortho and para, whereas the SiC 2 has only ortho specie due to spin statistics for the identical carbon nuclei. For ortho-and para-C 3 H 2 we accounted for 47 and 48 energy levels, respectively. The calculations are done for the kinetic temperatures 30, 60, 90, and 120 K. For ortho-SiC 2 , we accounted for 40 energy levels and the calculations are done for the kinetic temperatures 25, 50, 75, 100, and 125 K. The results are reported here for the transitions in the upward direction. The values for the downward direction can easily be calculated with the help of the detailed equilibrium equation.
Introduction
Since in most regions of interstellar space the excitation of molecules (and atoms) deviates strongly from that under LTE conditions, a quantitative interpretation of observed interstellar molecular lines requires the simultaneous solution of the set of rate equations and the radiative transfer equation for a large number of lines. (In the rate equations one has to account for many more lines than are usually observed.) If all lines of the molecule under consideration are optically thin, the problem reduces to the solution of the -then linear -rate equations. The rate equations describe the interplay between radiative and collisional Send offprint requests to: W.H. Kegel Tables 3A, 3B, 3C, 3D, 4A, 4B, 4C, 4D, 5A , 5B, 5C, 5D and 5E are available only in electronic form via anonymous ftp (130.79.128.5) at the CDS to cdsarc.u-strasbg.fr or via http://cdsweb.u-strabg.fr/Abstract.html On leave from the School of Physical Sciences, S.R.T.M. University, Nanded 431 606, India.
transitions and the solution yields the relative occupation numbers from which the line intensities follow. As input parameters one has to know the radiative and the collisional transition probabilities. While for purely rotational transitions the radiative transition probabilities are known for many molecules, the collisional rate coefficients present a problem in most cases. Since in interstellar molecular clouds hydrogen is predominantly in the form of H 2 , one usually considers only collisions with H 2 molecules. To reduce the complexity of the problem one accounts in most cases only for H 2 molecules in the rotational ground state (J = 0). To simplify the problem even further, one often considers collisions with He atoms assuming that the rate coefficients for collisions with H 2 may be obtained from the results for He by rescaling the latter accounting for the difference of the reduced mass. -In actual NLTE calculations one has to account for a large number of energy levels, which is possible only if the corresponding collisional rate coefficients are known. The goal of such computations is to determine the physical parameters in molecular clouds, in particular the temperature and the density. This requires that the rate coefficients are known for a sufficiently large range of temperatures.
The calculation of the collisional rate coefficients is a difficult task, and the situation becomes even more difficult for the case of an asymmetrical top molecule colliding with H 2 molecules. In the present investigation, we have accounted for the collisional transitions between the rotational energy levels in C 3 H 2 and SiC 2 molecules, extending previous work by Green et al. (1987) and Palma & Green (1987) .
Wave-functions for an asymmetrical top molecule
In an asymmetrical top molecule, all the three moments of inertia about the three principal inertial axes, a, b and c, are unequal to one another. The axes are designated as a, b and c so that the moments of inertia about them satisfy the condition: I a < I b < I c . Obviously, an asymmetrical top molecule has no preferential axis, and therefore the treatment of the molecule can be done in six different representations (Chandra 1987) . The rotational energy levels in an asymmetrical top molecule may be represented by J τ or J ka,kc , where τ , k a and k c are sub-quantum numbers and are related through the relations:
Thus, τ can assume an integer value ranging from −J to +J. However, k a and k c can, independently, assume positive integer values ranging from 0 to J. In case of a planar asymmetrical top molecule, the electric dipole of the molecule lies in the ab-plane. When the electric dipole This grouping of energy levels is independent of the aforesaid representations. Spectroscopists generally use I r representation in which the a-axis of inertia is used as the preferential direction (Sharma & Chandra 1996; Chandra & Rashmi 1998) . However, for calculations of the collisional rate coefficients, the direction of the electric dipole of the molecule is generally taken as the preferential direction Palma & Green 1987) . Consequently, for collisional transitions in an a-type asymmetrical top molecule, one has to use I r representation, whereas in the b-type asymmetrical top molecule, one has to use II r representation.
Rotational wave-functions for an asymmetric top molecule can be expressed as linear combinations of wave-functions for a symmetric top molecule (Chandra & Rashmi 1998; Chandra et al. 1984) :
Values of the expansion coefficients g K Jτ depend on the representation (Chandra 1987) . The C 3 H 2 is a b-type asymmetrical top molecule, and therefore II r representation is used. We have accounted for 47 and 48 rotational energy levels for ortho-and para-C 3 H 2 , and for the rotational constants for the molecule, A = 35092.508332 MHz, B = 32212.946832 MHz, and C = 16749.028632 MHz, the wave-functions are given in Tables 1A and 1B, respectively. The SiC 2 is an a-type asymmetrical top molecule, and therefore I r representation is used. For ortho-SiC 2 , we have accounted for 40 rotational energy levels, and for the rotational constants for the molecule, A = 52473.6664 MHz, B = 13158.65426 MHz, and C = 10441.61928 MHz, the wave-functions for one category are given in Table 2 . The wave-functions for the second category of SiC 2 are not reported here as these levels do not exist due to the spin statistics for the identical carbon nuclei. The coefficients with negative value of K are related to those with positive value of K through the relation g
where the value of Jτ for the levels is given in the table for wave-functions. Thus, the coefficients with negative value of K can be obtained.
Collisional rate coefficients
Collisional rate coefficient for the rotational transition Jτ → J τ at kinetic temperature T , averaged over the Maxwellian distribution is given by
where the cross section σ(Jτ → J τ |E) for the transition is given by
Here, the sum is finite, limited by triangle inequalities on J, J and L, and each of M and M can independently assume the values ranging from −L to +L. The interaction potential is expressed in terms of spherical harmonics, and therefore, the scattering cross section is expressed here in terms of a parameter q(L, M, M |E) (Hutson & Green 1995) . The spectroscopic coefficients, S (J, τ, J , τ |L, M, M ) , depend on the wave-functions of the molecule and on angular momentum coupling factors: Rate l u 1(0, 1)==> 1(1, 0) 7.800D-12 1 2 1(0, 1)==> 2(1, 2) 3.041D-11 1 3 1(0, 1)==> 2(2, 1) 1.666D-11 1 4 1(0, 1)==> 3(0, 3) 3.489D-12 1 5 1(1, 0)==> 2(1, 2) 2.409D-12 2 3 1(1, 0)==> 2(2, 1) 1.143D-11 2 4 1(1, 0)==> 3(0, 3) 4.431D-11 2 5 2(1, 2)==> 2(2, 1) 1.217D-11 3 4 2(1, 2)==> 3(0, 3) 9.661D-12 3 5
These spectroscopic coefficients are obviously independent of collision dynamics. Thus, the rate coefficient is given by
, so that only the real part of Q(L, M , M ) is required, and the cross sections are real. calculated the Q(L, M, M |T ) for C 3 H 2 . These calculations were based on a potential energy surface describing the interaction of C 3 H 2 with He and used the infinite order sudden approximation (IOSA) according to Green (1979) . State-to-state coefficients were given only for T = 100 K and for transitions between the lowest 18 energy levels.
As mentioned in the introduction, in astrophysical applications, i.e. for actual NLTE calculations, one needs to know the state-to-state rate coefficients for a large number of transitions in a sufficiently large range of temperatures. We therefore extended the work of Green et al. and Palma and Green, respectively , by using the Q(L, M, M |T ) computed by them to calculate state-to-state rate coefficients for an extended set of transitions and for all temperatures for which the Q(L, M, M |T ) were given.
Results
The calculations are made for the upward transitions Jτ → J τ . For ortho-C 3 H 2 , we accounted for 47 energy levels given in Table 1A . The calculations are done for the kinetic temperatures 30, 60, 90, and 120 K, and the results are presented in Tables 3A, 3B , 3C, and 3D, respectively. For para-C 3 H 2 , we accounted for 48 energy levels given in Table 1B . For this case also, the calculations are done for the kinetic temperatures 30, 60, 90, and 120 K, and the results are presented in Tables 4A, 4B , 4C, and 4D, respectively. For ortho-SiC 2 , we accounted for 40 energy levels given in Table 2 . The calculations are done for the kinetic temperatures 25, 50, 75, 100, and 125 K, and the results are presented in Tables 5A, 5B , 5C, 5D, and 5E, respectively. The rate coefficient for the corresponding downward transition J τ → Jτ can easily be calculated with the help of the detailed equilibrium equation
where the energy E of the energy level is in cm −1 . The Tables 3A, 3B, 3C, 3D, 4A, 4B, 4C, 4D, 5A , 5B, 5C, 5D and 5E are available only in electronic form via anonymous ftp. However, a part of the Table 3A is given in printed form in order to have the information about the content of the tables. There we have given (i) transition, (ii) collisional rate coefficient (in cm 3 s −1 ), (iii) lower energy level number(l) of the transition (according to the table of wave-functions), and (iv) upper energy level number(u) of the transition.
